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1 INTRODUCTION 

Urea is a special organic compound containing both 
amino group and carbonyl group, which can form 
abundant derivatives as an ideal feedstock for chemical 
industry for safety (non-flammable and practically 
non-toxic) and low cost [1, 2]. Urea is mainly 
synthesized from synthetic ammonia industry [3], but 
the ammonia can be also produced from renewable 
biomass resources (Scheme 1) for the reduction of CO2 
emission [4, 5]. Additionally, the manufacture of urea is 
the largest scale of chemical fixation of CO2, which is 
beneficial to both environment and economy [6]. 
Furthermore, since urea is an ingredient of human urine 
[7], the sewage of urine is a huge biomass resource to 
produce urea. In recent years, a new kind of sewage 
treatment system called ecological sanitation system 
has been developing rapidly and popularize world, 
which provides an efficient route to recycle urea and 
ammonia from urine [8-10]. Recycling urea from 
sewage can not only take advantage of the biobased 
urea resource but also reduce eutrophication [11]. 
Therefore, urea is a promising biomass resource and 
developing new urea-based polymer materials can 
take advantage of this resource. 
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Isocyanuric acid is one of the most important derivatives 
of urea, which can be synthesized via trimerization of 
urea [12]. Isocyanuric acid and its derivatives are 
thermally stable due to the isocyanurate ring structure 
[13-15], and some of them such as melamine cyanurate 
and tris (2, 3-dibromopropyl) isocyanurate are effective 
flame retardants. Polyisocyanurate (PIR) is a category of 
polymers containing isocyanurate linkages. The existence 
of isocyanurate moieties offers PIRs outstanding chemical 
and thermal stability and flame retardancy, thus they have 
been widely used as elastomers, resins and rigid foams 
[16, 17]. However, these materials are thermosetting since 
they are prepared by the trimerization of isocyanates [17] 
or by the crosslinking reaction of isocyanuric acid or its 
trifunctional derivatives [18], which limits their 
processing and applications. Meanwhile, flexible 
segments have to be introduced in PIR materials to 
improve the mechanical properties since the pure PIR 
is brittle [17]. By comparison, studies on linear 
polymers containing isocyanurate rings are fewer [19, 
20] since difunctional isocyanurate derivatives are 
difficult to be prepared. Nevertheless, Frazier and 
coworkers [21] developed a route to synthesize one of 
the disubstituted isocyanurates, bis(2-carboxyethyl) 
isocyanurate (BCI) from isocyanuric acid simply by 
Michael addition and hydrolysis. Since the BCI 
molecule contains two carboxylic acid groups, BCI and 
its ester derivative, namely bis(2-carbomethoxyethyl) 
isocyanurate (BCMI), are suitable for synthesizing 
linear polyesters. 

Many aliphatic diols are manufactured from 
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biomass resource, e.g.1,4-butanediol (BDO) [22, 23] 
and 1,6-hexanediol (HDO) [24-26] can be produced 
from sugar while 1,10-decanediol (DDO) [27] can be 
synthesized from castor oil. They are promising 
biobased platform chemicals and have been widely 
used as monomers to produce polyesters. However, 
most of the polyesters are combustible. Therefore, 
they need to be blended with flame retardants to 
improve their flame retardancy when they are used in 
some applications such as plastic conduit pipe and 
fabric [28, 29]. In this work, a series of renewable 
linear polyesters, namely polyisocyanuratoesters 
(PICEs), are proposed in order to take advantage of 
the biomass resource of both urea and aliphatic diols 
(Scheme 1).  

 
 
Scheme 1 Strategy of synthesizing PICEs from 
biomass resources. 

 

 
 
Scheme 2 Synthesis of PICEs from BCMI. 

 
These polymers are designed to be synthesized via 

transesterification polymerization of BCMI and 
aliphatic diols, including BDO, HDO and DDO (Scheme 
2). The nomenclature of polymers here starts with 
‘PICE’ and ends with a number corresponding to the 
number of methylene groups in diols, e.g. 4 for 
butylene, 6 for hexylene and 10 for decylene. The 

isocyanurate linkages introduced to the polymer 
backbone are supposed to provide PICEs with 
strength and good thermal stability. The aliphatic 
segments of PICEs endow the polymer chains with 
flexibility. Furthermore, the isocyanuarate ring 
structure is also supposed to offer PICEs with high 
flame retardancy without adding flame retardants. 
 

2 EXPERIMENTAL 

2.1 Materials 

1,4-Butanediol (BDO, 99%), 1,6-hexanediol (HDO, 98%) 
and 1,10-decanediol (DDO, 98%) were purchased from 
Aladdin Industrial Corporation (Shanghai, China). 
Bis(2-carboxyethyl) isocyanurate (BCI, 98%) and 
titanium(IV) butoxide (TBO, 98%) were bought from 
Energy Chemical Corporation (Shanghai, China). N, 
N-Dimethylformamide (DMF, AR) was purchased from 
Chinasun Specialty Products Corporation (Jiangsu, 
China). Hexane (AR), was bought from Sinopharm 
Chemical Reagent Corporation (Shanghai, China). 
Hydrochloric acid (AR, 36-38 wt%) was purchased from 
Guangzhou Chemical Reagent Factory (Guangzhou, 
China) and methanol (AR) was from Guangzhou 
Donghong Industrial Development Corporation 
(Guangzhou, China). Dimethyl sulfoxide-d6 (DMSO-d6, 
99.9%, containing 0.03% tetramethylsilane) was 
bought from Cambridge Isotope Laboratories, Inc. 
(MA, USA). BDO and HDO were purified by vacuum 
distillation while DDO and TBO were dried in vacuo 
before use. The other chemicals mentioned above 
were used as received without further treatment. 
 

2.2 Characterizations 

1H- and 13C-nuclear magnetic resonance (NMR) were 
detected at 25ºC on a Bruker AVANCE III HD 600 (600 
MHz) spectrometer (Germany) and chemical shifts are 
reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (DMSO-d6: 
δ 2.50 ppm). Thermogravimetric analysis (TGA) was 
conducted on a Netzsch TG 209 F3 Tarsus instrument 
(Germany) at a heating rate of 10 °C/min under 
nitrogen atmosphere (50 mL/min). Differential 
scanning calorimetry (DSC) was carried out at a 
heating rate of 20 °C/min and a cooling rate of 
10 °C/min using a Netzsch DSC 204 F1 (Germany). 
The limiting oxygen index (LOI) was tested according 
to GB/T2406.2-2009 (specimen size: 80 mm×10 
mm×4 mm) on a FTT0077 oxygen index instrument 
(Fire Testing Technology Co. Ltd., UK). The vertical 
burning test was carried out on a FTT0082 UL94 
flame chamber (Fire Testing Technology Co. Ltd., UK) 
according to the standard UL 94-2009 (specimen size: 
130 mm×13 mm×4 mm). 
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2.3 Synthesis of Bis(2-carbomethoxyethyl) 
Isocyanurate (BCMI) 

BCI (54.6 g, 0.2 mmol) was added into methanol (400 
mL) with concentrated HCl (33.3 mL, 0.4 mol). The 
slurry was refluxed at 70°C for 1 h and it generally 
turned into clear solution. White crystal precipitated 
out when the solution cooled down to room 
temperature. After filtration and washing with cold 
methanol, the residue was collected and dried in 
vacuo at 100°C overnight. 48.4 g product (yield: 80%) 
was obtained.  

1H-NMR (600 MHz, DMSO-d6, δ): 11.80 ppm (s, 1H, 
NH), 3.92 (t, 4H, NCH2), 3.59 (s, 6H, OCH3), 2.57 (t, 4H, 
CH2CO); 13C-NMR (600 MHz, DMSO-d6, δ): 171.17 
ppm (COO), 149.71 (NCON), 148.59 (NHCO), 51.65 
(CH3), 37.37 (NCH2), 31.83 (CH2CO). 
 

2.4 Synthesis of polyisocyanuratoesters (PICEs)  

A series of PICEs, including PICE-4, PICE-6 and 
PICE-10, were prepared in a similar procedure. BCMI 
(15.6 g, 50 mmol), aliphatic diol (100 mmol for BDO 
or HDO while 55 mmol for DDO) and TBO (50 mg) 
were added into a three-neck flask equipped with an 
argon inlet, mechanical stirrer and Vigreux column 
connected to a Dean-Stark trap. The reaction was 
performed at 170°C for 6 h with stirring under argon 
to form oligomers, then vacuum was applied and the 
temperature was gradually raised to 190°C and kept 
for 6 h-12 h (for PICE-4, kept at 170°C). When the 
polymerization finished, DMF was added to dissolve 
the crude polymer and then precipitated in hexane. 
After filtration and washed with hexane, the residue 
was collected and dried in vacuo at 70°C overnight to 
obtain final product. 

 

3 RESULTS AND DISCUSSION 

3.1 Synthesis of PICEs 

Polyisocyanuratoesters (PICEs) were prepared via 
transesterification polymerization from bis 
(2-carbomethoxyethyl) isocyanurate (BCMI) and 
different aliphatic diols (DOs).  

Comparing with bis(2-carboxyethyl) isocyanurate 
(BCI, m.p. 289°C [21]), BCMI has lower melting point 
(117°C [30]) and better solubility in DOs. The methods 
of esterification of acid-substituted isocyanurate 
derivatives have been reported [21, 30]. BCI gradually 
reacted with methanol to form BCMI and dissolved. It 
took about 30 min for the slurry to turn into clear 
solution and all the BCI converted to BCMI after 1 h. 
BCMI precipitated when the solution was cooled to 
room temperature, which is convenient to obtain pure 

product by filtration. 
The polycondensation system was first heated at 

170°C for 6 h to form oligomers. Since 1,4-butanediol 
(BDO) and 1,6-hexanediol (HDO) are more volatile 
upon heating, the feed ratio of n(DO)/n(BCMI) was set 
to 2 to obtain hydroxy-terminated oligomers in the 
first step. The oligomers were then chain-extended by 
further transesterification under vacuum to obtain 
PICE-4 and PICE-6. For the synthesis of PICE-10, the 
boiling point of 1, 10-decanediol (DDO) is higher and 
it is less volatile so that the feed ratio of n(DDO)/ 
n(BCMI) was set to be 1.1. It is worth noting that 
when the heating temperature was higher than 180°C 
during the synthesis of PICE-4, the product became 
elastic and insoluble. It is reported that the secondary 
amine can react with the hydroxy groups to form 
tertiary amine by the N-alkylation [31-34]. Therefore, 
PICE-4 is supposed to be crosslinked for the hydroxy 
groups reacted with the secondary amino groups of the 
isocyanurate rings in such a high temperature and 
vacuum condition. This phenomenon happened again 
even at 170°C when we tried to use ethanediol instead 
of BDO. However, for HDO and DDO, the polymers 
would not crosslink even heated at 190°C. When the 
polymerizations proceeded, the viscosity of polymers 
increased and Weissenberg effect was observed. Then 
the polymerizations were stopped for purification. 
From the 1H-NMR spectra of the purified PICEs (see 
Figure 1), it is found that all the PICEs are 
hydroxy-terminated, and the number average 
molecular weight (Mn, see Table 1) can be calculated 
through the formula: 
Mn = (Ib + Id) * MRU/(2Ie’) 

Ib, Id and Ie’ are the integral of peak b, d and e’ in 
NMR spectra, while MRU means the molecular weight of 
the repeat units of PICEs. Gel permeation 
chromatography with DMF (contains 0.05 M LiBr) as 
an eluent was used to measure the weight average 
molecular weight (Mw) of PICEs, but no elution peaks 
were observed of the samples of PICEs, which is 
supposed that PICEs samples were adsorbed by the 
columns. 



 

Zijian Chen et al.: Polyisocyanuratoesters: Renewable Linear Polyesters                   DOI: 10.32604/JRM.2018.00120 

J. Renew. Mater., Vol. 6, No. 6, October 2018                                          © 2018 Tech Science Press   587 

 
 
Figure 1 1H-NMR spectra (DMSO-d6) of PICE-4 (top), 
PICE-6 (middle) and PICE-10 (bottom). 
 
Table 1 Properties of the PICEs. 

Entry DO 

NMR TGA DSC 

Mn, NMRa 

(kg /mol) 

Td, 5%b 

(°C) 
Td, maxc 

(°C) 
Tg 

(°C) 

PICE-4 BDO 16.1 322.5 362.7 45.0 

PICE-6 HDO 13.6 320.9 359.0 40.4 

PICE-10 DDO 10.4 318.9 359.3 22.1 
a The number average molar mass (Mn) was 

determined by the 1H-NMR spectra (Figure 1);  

b The temperature of 5% weight loss of samples; 

c The temperature of maximum rate of weight loss. 

3.2 Thermal Properties 

The thermal stability of PICEs was studied by 
thermogravimetric analysis (TGA) and the results are 
shown in Table 1 and Figure 2. It has been reported 
that poly(lactic acid) [35, 36], poly(β-hydroxybutyric 
acid) [36], poly(ε-caprolactone) [36] and polyglycolide 
[37] have obvious weight loss below 300°C under 
nitrogen or helium atmosphere at a heating rate of 
10 °C/min. Comparing with these typical aliphatic 
polyesters, PICEs show a relatively good thermal 
stability for there is no significant weight loss occurred 
below 300°C, which proves the introduction of 
isocyanurate rings can improve the thermal stability of 
aliphatic polyesters. When the temperature increases, 
all PICEs exhibit similar degradation behavior and we 
divide this process into two stages according to the 
previous reports [13, 14, 38]. First, the ester bonds in 
polymer chains dissociate and the aliphatic segments 
start to volatilize resulting in weight loss at about 320°C 
(Td, 5% of PICE-4, PICE-6 and PICE-10 are 323°C, 321°C 
and 319°C respectively). The pyrolysis accelerates and 
the rate of weight loss reaches maximum at around 

360°C as the DTG curves are shown in Figure 2(b) (Td, 

max of PICE-4, PICE-6 and PICE-10 are 363°C, 359°C and 
359°C). When the temperature rises to about 380°C, the 
isocyanurate rings begin to pyrolyze resulting in the 
further weight loss. The weight loss of PICE-10 is 
slightly smaller than the one of PICE-4 and PICE-6 at 
the range of 360°C-430°C due to the longer aliphatic 
segment of PICE-10 is less volatile. 

Both the glass transition temperature (Tg) and 
melting temperatures (Tm) of PICEs were also studied. 
The Tg of PICE-4, PICE-6 and PICE-10 are 45°C, 40°C 
and 22°C respectively from the results of differential 
scanning calorimetry (DSC, see Figure 3 and Table 1).  
 

 
 
Figure 2 TGA curves and DTG curves of PICEs. (a) 
TGA curves (heating rate: 10 °C/min; nitrogen flow: 
50 mL/min); (b) DTG curves. 

 
 
Figure 3 DSC curves of PICEs. (2nd heating cycle with 
a heating rate of 20 °C/min). 
 

One can see that Tg decreases when the number of 
methylene in PICEs increases from 4 to 10. Therefore, 
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PICE-10 has the lowest Tg among these three kinds of 
PICEs for it has a more flexible polymer chain. No 
melting peaks are observed in the second heating 
cycle under a cooling rate of 10 °C/min or even 
5 °C/min. We suppose that the crystallization rate of 
PICEs is rather low, and therefore, annealing was 
applied to improve crystallization of PICEs. PICEs 
were first heated at 160°C in a wind drying oven until 
they melted completely, then they were quenched by 
liquid nitrogen to obtain amorphous samples. The 
amorphous samples are transparent and elastic at 
room temperature. They were cut into small pieces 
around 0.5 mm*0.5 mm. Then the samples were 
annealed at 80°C for a certain time and taken 
regularly during annealing for DSC tests. The DSC 
results (Figure 4) show that both PICE-4 and PICE-10 
could crystallize slowly by annealing.  

 

 
 
Figure 4 DSC curves of samples of PICEs with 
different annealing time: (a) PICE-4; (b) PICE-10. (1st 

heating cycle with a heating rate of 20 °C/min).  
 
The Tm of PICE-4 is 116°C while the one of PICE-10 

is 110°C after annealing for 96 h, which is much 
higher than the one of the typical aliphatic polyesters 
poly(ε-caprolactone) (around 60°C). Two melting 
peaks could be observed of PICE-4 and PICE-10, 
which indicates that there are different crystallites 
exist. Furthermore, since the length of alkane groups 
of PICE-10 is longer, the polymer chain is more 
flexible so that it can crystallize faster than PICE-4. In 
addition, it is found that the amorphous samples of 
PICE-10 would generally become rigid and opaque 
after a few days, which means crystallization occurred 
even at the room temperature, but this phenomenon 
does not happen when they were stored in the 
refrigerator at 5°C. That is because PICE-10 has a 
relatively lower Tg around room temperature due to 
its more flexible polymer chain, it can adjust the 
regularity of polymer chain at room temperature, 
which is beneficial to crystallization. But when the 

temperature is below its Tg, the polymer chain is 
frozen and the material remains amorphous. 
However, the samples of PICE-6 remained elastic and 
transparent after annealing at 60°C, 80°C or 100°C for 
96 h, and no melting peak was observed from the DSC 
results, which indicates that PICE-6 crystallized 
extremely slowly to be observed.  

 

3.3 Flame Retardancy 

As mentioned above, PICEs are supposed to have 
outstanding flame retardancy due to the isocyanurate 
ring structure. Their limiting oxygen indexes (LOI) were 
measured to estimate their flammability. The higher LOI 
value represents better flame retardancy [39]. 
According to GB/T2406.2-2009 and GB/T8624-2012, 
when LOI≥32%, the building materials used as plastic 
conduit pipes or textiles are classified as class B1 (low 
flammability) while the class B2 (moderately 
flammability) requires LOI≥26%. The LOI data of 
PICEs are shown in Table 2. It is clear that both PICE-4 
(LOI: 40.1%) and PICE-6 (31.4%) show remarkable 
flame retardancy without adding any flame retardant. 
The LOI values are outclass the common polyesters 
such as PBT (22%) [25] and PLA (23%) [26]. The LOI 
value of PICE-10 (22.8%) is obviously less than 
PICE-4 and PICE-6, since the longer alkane groups 
which means lower proportion of the isocyanurate 
moieties, decreases the fire resistance of the material.  
For further study of flame retardancy of PICEs, the 
vertical burning test is used to evaluate their practical 
flammability according to UL 94. The results are also 
shown in Table 2. PICE-6 reaches V-1 rating since all 
the samples extinguished as soon as the pilot flame 
removed and their drips were not inflamed. It is 
surprised that PICE-10 also reaches V-2 rating for the 
samples extinguished in about 25 s after the removal 
of pilot flame, but their drips were inflamed. PICEs 
show remarkable flame retardancy in varying degrees 
without adding any flame retardants. They are 
potential to be applied as flame-retardanted materials 
or used as flame retardants. 
 
Table 2 Flammability of the PICEs. 

 PICE-4 PICE-6 PICE-10 

Limiting 
Oxygen Index 
(LOI, %) 

40.1 31.4 22.8 

UL 94 n. d.a v-1 v-2 

a n. d.=not determined. 
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4 CONCLUSIONS 

A series of renewable linear polyesters, polyisocyanu- 
ratoesters (PICEs), are designed and synthesized 
successfully from urea-based monomer bis 
(2-carbomethoxyethyl) isocyanurate and aliphatic 
diols. The thermal properties of PICEs were studied 
and it is found that isocyanurate linkages can improve 
the thermal stability of polyesters and all PICEs 
exhibit similar degradation behavior and regular glass 
transition among 22°C-45°C. The crystallization rate 
Tm of PICEs is slow. PICE-4 and PICE-10 can crystallize 
slowly by annealing at 80°C while PICE-6 cannot be 
observed to crystallize even by annealing. Both PICE-4 
and PICE-6 show satisfied flame retardancy that they 
have high limiting oxygen index value, and PICE-6 and 
PICE-10 reaches V-1 and V-2 rating in UL 94. They are 
potentially used as flame retardanted materials. There 
may be more special features of PICEs, and further 
investigation of PICEs is underway in our group. 
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